OBJECTIVES-To evaluate the utility of rapid, quantitative T2 mapping compared with conventional T2-weighted imaging in patients presenting with various forms of acute myocardial infarction.
CONCLUSIONS-Quantitative T2 mapping reliably identifies myocardial edema without the limitations encountered by T2-weighted short tau inversion recovery imaging, and may therefore be clinically more robust in showing acute ischemic injury.
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The identification of reversible injury by T2-weighted cardiac magnetic resonance imaging (CMR) leverages the well-established phenomenon of increased myocardial free water in the setting of acute ischemia (1) , taking advantage of the established relationship between T2 signal intensity and tissue water content (2) . Myocardial T2 is not only determined by an absolute increase in myocardial water, but also by the movement of water molecules from the extracellular to the intracellular environment (cellular edema) and by the dissociation of water molecules from proteins leading to free instead of bound water (3) . Recent studies showed myocardial T2 to increase not only with acute myocardial infarction (AMI), but also with severe transient ischemia (4) (5) (6) . Furthermore, it has been reported that T2 signal hyperintensity may identify myocardial ischemia even before detectable injury by troponin or late gadolinium enhancement (LGE) (4) . These observations have important clinical implications because patients with myocardium at risk are generally expected to benefit from early diagnosis and prompt intervention to arrest the process of cell death. However, several problems inherent to T2-weighted CMR have limited the widespread clinical acceptance of this sequence to detect edema in patients with acute coronary syndromes; these include surface coil intensity variation, bright signal from stagnant blood potentially interfering with elevated T2 in the subendocardium, motion artifacts, and the subjective nature of T2-weighted CMR image interpretation (7, 8) . Our group recently developed a novel quantitative T2-mapping technique that overcomes these limitations (9) . In this work, we applied this technique to test the diagnostic utility of T2 mapping compared with T2-weighted CMR in patients with recent AMI.
METHODS

Study population
Patients with AMI as defined by established diagnostic criteria (10) were prospectively enrolled. Both ST-segment elevation myocardial infarction (STEMI) and non-ST-segment elevation myocardial infarction (NSTEMI) patients were considered eligible. In addition, healthy volunteers with no cardiovascular history were recruited to undergo myocardial T2 mapping alone in a single mid-ventricular short axis plane.
In patients, medical history, clinical and electrocardiographic findings, as well as serological markers were recorded at entry. Contraindications to CMR such as pacemaker and hemodynamic instability constituted exclusion criteria. All patients provided written informed consent to participate in this institutional review board-approved protocol.
CMR examination
Examinations were performed using a 1.5-T CMR system and 12-element phased-array cardiac coil (MAGNETOM Avanto, Siemens Medical Solutions, Inc., Erlangen, Germany). A physician provided monitoring throughout the study. The following CMR protocol was used:
1. Multiplane, balanced steady-state free precession (SSFP) cine imaging suitable for wall motion assessment and volumetric analysis. Cine images were obtained in the horizontal long-axis, vertical long-axis, 3-chamber, and contiguous short-axis planes. Real-time cine imaging with a TSENSE acceleration factor of 3 was used for subjects unable to breath-hold.
2. T2-weighted short tau inversion recovery (T2-STIR) images obtained in basal, mid, and apical short-axis, vertical long-axis, 3-chamber, and horizontal long-axis planes (11).
3. T2 maps acquired in the same planes as the T2-STIR images using a T2-prepared single-shot SSFP sequence as previously described in detail (9) . Briefly, T2 maps were generated by acquiring three T2-weighted images, each image with a different T2 preparation time (0 ms, 24 ms, and 55 ms, respectively; repetition time = 3 × R-R, total acquisition time of 7 heart-beats). To correct for motion between images, a fast variational nonrigid registration algorithm was used, aligning all T2-prepared frames to the center frame (12) . The signal intensity of corresponding pixels in the 3 images, thus becoming a function of T2 decay, was then fitted using a linear 2-parameter model after logarithmic transformation to derive the T2 value of each pixel.
4.
Multiplane LGE imaging using a segmented inversion-recovery gradient-echo sequence 10 min after 0.2 mmol/kg gadolinium-diethylene-triaminepentaacetic acid administration. Images were obtained in the same planes as SSFP cine images, with the inversion time adjusted to null normal myocardium. Non-breath-hold single-shot LGE imaging was performed for patients with limited breath-hold capacity (13) .
Typical parameters for the sequences that were used are shown in Table 1 .
Image analysis
Left ventricular (LV) end-diastolic volumes, end-systolic volumes, and mass were measured using Simpson's method and indexed according to body surface area. The standard 17-segment model (14) was used to evaluate regional wall motion (0, normal; 1, mild or moderate hypokinesia; 2, severe hypokinesia; 3, akinesia; 4, dyskinesia), and the wall motion score index was calculated as the sum of segmental scores divided by 17. Regional function was also assessed by analyzing peak circumferential and radial strain in each segment from a basal, mid, and apical short-axis breath-hold SSFP cine slice using a vectorbased feature tracking software (Vector Velocity Imaging, Siemens, Mountain View, California) that previously has been validated and described in detail (15) . Briefly, a contour manually drawn along the LV endocardial border is automatically propagated by the software, which divides the ventricle into 6 equiangular segments. By tracking the features within each voxel throughout the rest of the cardiac cycle (similar to speckle tracking in echocardiography), the software derives circumferential and radial strain values for each of the 16 LV segments (2 septal and 2 lateral segments in the apex were averaged to generate 4 apical segments).
The extent of hyperenhanced tissue on LGE imaging within each myocardial segment was rated visually using a 5-point scale (0, no hyperenhancement; 1, 1% to 25% hyperenhancement; 2, 26% to 50% hyperenhancement; 3, 51% to 75% hyperenhancement; and 4, 76% to 100% hyperenhancement); segmental LGE scores were subsequently summed to yield patient-level aggregate scores (16) . Microvascular obstruction (MO) was defined as dark central areas surrounded by hyperenhanced necrotic myocardium on LGE imaging.
T2 values were similarly recorded from the quantitative T2 maps for each segment except for the true apex (segment 17), which was avoided due to partial volume effects that made it difficult to mark the myocardial border in this inherently thin myocardial region. Differences in quantitative T2 between corresponding segments in short-axis and long-axis views are usually small and nonsignificant at the basal and mid-ventricular level, but higher at the apex due to the effects of partial volume averaging, as we have shown previously (9) . To limit the effects of partial volume averaging, T2 values in the apical segments were derived from long-axis views (horizontal and vertical long axes) solely.
For healthy volunteers, myocardial T2 was measured by drawing a region of interest encompassing all myocardium.
T2-STIR images were independently evaluated by 2 experienced reviewers (D.V., S.V.R.) and rated by consensus as positive for edema, negative for edema, or unassessable.
A third reviewer (P.T.), blinded to the results of T2 mapping and regional strain analysis, then defined on a 16-segment model areas representing the infarct zone and areas considered to represent remote myocardium. This was accomplished by reviewing the patients' cine images, LGE information, and pertinent clinical information including electrocardiograms and coronary angiograms.
Segmental T2 values as well as segmental values for peak circumferential and radial strain that previously had been obtained according to the 16-segment model were then averaged for the infarct zone and remote myocardium as defined by the blinded assessment.
Statistical analysis
Continuous data with normal distribution are expressed as mean ± SD and non-normally distributed data as median and inter-quartile range. Categorical data are expressed as frequency or percentage. The mean values of continuous variables with normal distribution were compared using a 2-sample t test or paired t test, as appropriate. Correlation between continuous variables was computed with the Spearman rank correlation coefficient. Categorical variables were compared using the Fisher exact test. Interobserver variability was tested by Bland-Altman analysis. Statistical significance was set at a 2-tailed probability level of <0.05. The authors had full access to the data and take responsibility for its integrity.
RESULTS
Study population
The baseline characteristics of 27 patients who presented with AMI are summarized in Table  2 . The majority of patients included in this study did not have a history of cardiac events before their current admission. CMR was performed in all patients after they underwent coronary angiography, but revascularization was not pursued in 7 (1 STEMI and 6 NSTEMI) patients. Additionally, T2 maps were acquired in 13 male and 8 female healthy volunteers age 28 ± 7 years. All patients and control subjects were in sinus rhythm at the time of CMR examination.
LV structure, function, and irreversible injury
The routine CMR findings in our study population are shown in Table 3 . Non-breath-hold real-time SSFP cine imaging and single-shot LGE imaging were used in a total of 5 subjects experiencing shortness of breath.
Global LV systolic function was overall slightly decreased, with LV ejection fraction averaging 49%; 96% of patients had at least 1 dysfunctional LV segment. Two patients (1 STEMI patient who underwent successful revascularization within 60 min of symptom onset and 1 patient presenting with NSTEMI) did not have evidence of infarct scar by LGE. As expected, LGE score increased with increasing peak troponin level (r2 = 0.45, p = 0.0002).
In the subgroup of patients undergoing breath-hold SSFP cine imaging (n = 22), the mean difference in peak circumferential and radial strain between infarct and remote myocardium was −10.9% (95% confidence interval [CI]: −7.9% to −13.9%, p < 0.0001) and 24.3% (95% CI: 18.3% to 30.4%, p < 0.0001), respectively, confirming that remote and infarcted myocardial regions were accurately identified.
T2 mapping
The results of quantitative T2 mapping are shown in Figure 1 . The mean T2 measured within the infarct zone was 69 ± 6 ms compared with 56 ± 3.4 ms in remote myocardium (p < 0.0001). Typical examples of T2 maps compared with T2-STIR and LGE images are shown in Figure 2 . Overall, for the entire study population, almost no overlap was observed between T2 values measured in the infarct region and remote myocardium. In 1 patient with cocaine-induced myocardial infarction complicated by sustained ventricular tachycardia requiring electrical cardioversion before CMR evaluation, relatively high T2 values were measured in the remote segments (64 ms). However, in this case, it was still possible to demarcate the infarct zone by T2 mapping (infarct T2: 87 ms). Interestingly, this patient and 1 other patient with markedly elevated T2 in the infarct zone (86 ms) exhibited increased signal intensity of the infarct zone by SSFP imaging, suggesting the presence of extensive tissue edema. SSFP imaging did not show increased signal in any other patients, consistent with the known insensitivity of this technique to less extensive tissue edema.
No significant difference was found in T2 between the myocardium of healthy subjects and remote myocardium of infarct patients (55.5 ± 2.3 ms vs. 56 ± 3.4 ms, respectively; p = NS) (Fig. 1) .
MO and the effect on T2
Overall, 13 patients had evidence of MO on LGE imaging (10 with STEMI, 3 with NSTEMI). When comparing T2 maps with matching LGE images, T2 values in segments with extensive MO were lower compared with the T2 values measured in the infarct outside the MO area (Fig. 3) . In this subset of patients with evidence of MO, the mean T2 was 58.7 ± 6 ms within the area of MO compared with 71.3 ± 10 ms for infarct tissue outside the area of MO (p < 0.0001; Fig. 4 ).
T2-STIR imaging versus T2 mapping
T2 maps could be obtained in all subjects, and in 26 of 27 patients (96%), it was possible to differentiate injured from remote myocardium on the basis of segmental T2 values alone. In contrast, initial attempts to acquire T2-STIR images were stopped in 2 patients who were unable to breath-hold because of severe respiratory motion artifacts leading to uninterpretable results. Of the remaining 25 patients, it was possible to detect myocardial edema as areas of T2-STIR signal hyperintensity in 18 patients (72%). Remarkably, in 1 of the 2 patients with SSFP signal hyperintensity and very high T2 in the infarct zone (the cocaine-related case), T2-STIR images were nondiagnostic.
Overall, in the entire population, edema was more frequently detected by T2-STIR in patients presenting with STEMI compared with NSTEMI patients (88% vs. 36%, p = 0.01). Importantly, in all 7 patients with negative T2-STIR images, clear differences could be observed in quantitative T2 between infarct and remote myocardium using the T2 mapping sequence (Fig. 5) .
Interobserver variability
Interobserver variability analysis was performed in all patients and healthy controls by 2 independent observers. In patients, infarct zone and remote myocardium were defined on the basis of previous description. In healthy controls, myocardial T2 values were measured by drawing a region of interest encompassing all myocardium from a mid-ventricular short-axis slice. Respective Bland-Altman plots for remote myocardium, infarcted segments, and control patients are shown in Figure 6 . The mean difference between the 2 readers was 0.2 ms in infarcted segments (95% CI: −0.9 ms to 0.5 ms), 0.3 ms in remote myocardium (95% CI: −0.8 ms to 0.4 ms), and 0.4 ms in control patients (95% CI: −0.3 ms to 1.1 ms).
DISCUSSION
The detection of myocardial edema using a dark blood turbo spin-echo technique has previously been shown to allow early diagnosis of acute coronary syndromes and may identify both the area at risk and the amount of myocardial salvage post-reperfusion (4, 5, 17) . Nevertheless, the applicability and clinical acceptance of T2-STIR imaging for exactly these purposes have been challenged by a set of problems that are widely recognized (7, 8) . These include the sensitivity of the sequence to artifacts from respiratory and cardiac motion, the variability in myocardial signal related to surface coil intensity inhomogeneity, subendocardial bright signal artifacts caused by stagnant blood, and the subjective nature of T2-STIR image interpretation. We recently introduced direct T2 quantification as an alternative, fast, and accurate method to detect increased T2 values resulting from ischemiainduced myocardial edema that overcomes the aforementioned limitations (9). The current study extends our initial experience with this novel sequence and demonstrates its clinical applicability and robustness in a diverse group of patients presenting with acute coronary syndromes.
The most important finding of our study is that myocardial segments characterized by recent ischemic injury can be quantitatively differentiated from remote myocardium by their higher T2 value. Although the mean difference in T2 between edematous segments and noninfarcted myocardium may appear relatively small in absolute terms (13 ms), a narrow distribution around the mean was found for T2 in remote segments or in myocardium of healthy controls, which resulted in little overlap between ischemic and nonischemic regions. As such, quantitative T2 mapping allowed differentiation of segments with recent ischemic injury in 96% of the patients enrolled in this study. In contrast, T2-STIR clearly was less robust, allowing identification of the infarct region as an area with high signal intensity in only 67% of all patients. Although T2 mapping was similarly effective in showing myocardial edema for STEMI and NSTEMI patients, edema was less frequently detected by T2-STIR in the NSTEMI population. This is important because one can reasonably argue that only NSTEMI patients may eventually benefit from edema-weighted CMR as part of an early risk-stratification strategy.
A significant limitation of T2-STIR imaging in the evaluation of patients with AMI (or myocarditis) is the sensitivity of this sequence to motion, usually related to inadequate breath-holding or an irregular cardiac rhythm. Because of breath-hold problems, T2-STIR images (typically requiring 14 R-R intervals) were uninterpretable in 2 study patients. In contrast, in both of these subjects, it was possible to identify the area of injury by T2 mapping. The relative insensitivity of the T2 mapping technique to motion artifacts is attributable to the nonselective nature of T2 preparation pulse and the fast single-heartbeat SSFP readout, but also by the integrated motion correction algorithm that corrected any image misregistration caused by failed breath-hold or inconsistent cardiac rhythm (Fig. 7) .
Our study was not designed to directly compare the predictive accuracy of T2 mapping with T2-STIR imaging; however, our observations do suggest that a T2 value of 62 ms (2 SDs above the mean T2 of normal myocardium) may serve as an appropriate cutoff to differentiate edematous from healthy myocardium.
In a subset of patients, the core of the infarct was found to have a significantly lower T2 value compared with the more peripheral areas of the infarct, which corresponded to the region of MO (no reflow) by LGE imaging. Reperfusion of severely ischemic myocardium may cause intramyocardial hemorrhage by extravasation of red blood cells through the damaged capillaries in the endocardium. The relationship between myocardial hemorrhage and MO was shown in previous studies (18) (19) (20) (21) , and myocardial hemorrhage is known to affect T2 relaxation times because of the paramagnetic effects of deoxyhemoglobin contained in the blood degradation products released during reperfusion (22, 23) . Although we have no direct proof of hemorrhage in our patients with lower T2 at the center of the infarct, the consistency with previous studies demonstrating T2 shortening by hemoglobin breakdown suggests that a similar mechanism is responsible. Other groups have used T2*-weighted gradient-echo techniques to visualize myocardial hemorrhage (18, 21) , exploiting the sensitivity of this parameter to the paramagnetic effect of iron-containing blood degradation products. It remains to be determined which technique eventually is superior in visualizing myocardial hemorrhage; in acute ischemic injury, quantitative T2 mapping offers the advantage of also depicting tissue edema.
Study limitations
Our sample size was relatively small, although the study population was representative of the spectrum of patients who present with acute coronary syndromes. Despite the small sample size, T2 mapping consistently identified the area of recent myocardial injury with considerably higher values compared with remote and normal myocardium, leading to highly significant results.
The use of a surface coil can be considered as a limitation in our study because the inhomogeneous coil sensitivity profile reduces sensitivity for inferolateral infarction, whereas it may overestimate anteroseptal edema. Attempts have been made to compensate for this problem by using the body-coil receiver, which comes at the cost of a decrease in the signal-to-noise ratio and an increase in scanning time because parallel acquisition techniques cannot be used.
There was some small variability in T2 values found in remote myocardium or in the myocardium of healthy volunteers. Whether these variations between individual patients or between different nonischemic myocardial segments in the same patient are related to small differences in myocardial water content alone or to factors associated with the imaging process itself is currently unknown. Similarly, an even wider distribution of quantitative T2 was observed in the area of myocardial injury. Although it seems reasonable to assume that a higher quantitative T2 can be explained by more pronounced tissue edema, more work is needed to establish the exact mechanisms of this relationship.
Finally, these results were obtained in patients after decision making was essentially complete. Although post-revascularization CMR in STEMI has value in assigning prognosis and may be a useful end point for therapeutic trials of novel cardioprotective agents, the greatest impact on cost-effective care and outcomes may come from incorporating CMR with T2 mapping upfront in the workup of patients presenting with acute chest pain or non-ST elevation acute coronary syndromes. Our group recently showed that qualitative recognition of edema, even with the limitations imposed by STIR imaging before angiography, predicts revascularization need and outcomes (24) ; this should be even more robust with T2 mapping in these patients. With accruing evidence that an edema-imagingdirected strategy provides incremental information over and beyond other established prognostic markers in patients presenting with possible or established acute coronary syndrome, T2 mapping may offer a more rapid and reliable approach to edema imaging in the triage and early invasive management of appropriate patients.
CONCLUSIONS
T2 mapping represents a quantitative, robust alternative to conventional T2-STIR imaging to detect myocardial edema in patients presenting with AMI. Incorporation of T2 mapping into CMR protocols may be useful to identify myocardium at risk and MO. LGE images demonstrated a subendocardial infarct in the circumflex artery territory, corresponding to a focal "hotspot" by T2 mapping (T2 within the infarct = 68 ms).
T2-STIR images could not definitively demarcate the area of injury due to subendocardial bright signal caused by stagnant blood. (C) A 45-year-old female patient with STEMI, undergoing percutaneous coronary intervention of the mid-circumflex artery territory shortly after onset of symptoms. Early successful revascularization resulted in the absence of irreversible myocardial injury by LGE 2 days later. T2-STIR images showed no enhancement; T2 maps, however, unequivocally indicated edema in the mid-inferolateral segment (T2 = 69 ms). Abbreviations as in Figure 2 . This 48-year-old patient with AMI due to thrombotic occlusion of the right coronary artery was allowed to breath freely during the cardiac magnetic resonance examination. T2-STIR images were heavily degraded by motion artifacts, but T2 maps remained diagnostic, showing injury in the inferolateral segments (arrowheads). Quantitative T2 measured in the infarct zone outside the MO area (*) was 67 ms. Mid/apical SAX = mid ventricular/apical short-axis view; 3-Ch = 3-chamber view; other abbreviations as in Figure 2 . Table 1 Cardiovascular Magnetic Resonance Parameters In subjects with limited breath-hold capacity. B-SSFP = balanced steady-state free precession imaging; GRAPPA = generalized autocalibrating partially parallel acquisition; LGE = late gadolinium enhancement; T2-STIR = T2-weighted short tau inversion recovery; TE = echo time; TR = repetition time; TSENSE = time-adaptive sensitivity encoding.
